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Abstract Water consumption and water quality continue to
be key factors affecting environmental sustainability in biofuel production. This review covers the findings from biofuel
water analyses published over the past 2 years to underscore
the progress made, and to highlight advancements in understanding the interactions among increased production and
water demand, water resource availability, and potential
changes in water quality. We focus on two key areas: water
footprint assessment and watershed modeling. Results revealed that miscanthus-, switchgrass-, and forest wood-based
biofuels all have promising blue and grey water footprints.
Alternative water resources have been explored for algae
production, and challenges remain. A most noticeable improvement in the analysis of life-cycle water consumption is
the adoption of geospatial analysis and watershed modeling to
generate a spatially explicit water footprint at a finer scale
(e.g., multi-state region, state, and county scales) to address
the impacts of land use change and climate on the water
footprint in a landscape with a mixed biofuel feedstock.
Keywords Biofuels . Climate . Landscape management .
Life-cycle water use . Nitrogen . Phosphorus . Suspended
sediments . Water consumption . Water footprint . Water
quality . Watershed modeling
M. Wu (*) : Y.<w. Chiu
Argonne National Laboratory, 9700 S. Cass Avenue, Lemont, IL,
USA
e-mail: mwu@anl.gov
Y.<w. Chiu
e-mail: yiwen.chiu@gmail.com
Z. Zhang
Badger Technical Services, US Army Corps of Engineers,
Engineer Research and Development Center,
Environmental Laboratory, Vicksburg, MS, USA
e-mail: zhonglong.zhang@erdc.dren.mil

Abbreviation
CS
corn-soybean
ET
evapotranspiration
GAEZ Global Agro-Ecological Zones
GIS
geographic information systems
LCA
life-cycle analysis
LUC
land use change
MWW municipal wastewater
SRWC short rotation woody crop
SWAT Soil and Water Assessment Tool
SWG
Switchgrass
UMRB Upper Mississippi River Basin
WUE
water use efficiency

Introduction
Over the past 2 years, there has been a growing body of
literature examining the environmental and economic sustainability of unconventional fuels. Among them, articles on
biofuels and shale gas production dominate the published
studies. Although the life-cycle greenhouse gas emission benefits of using biofuels have been well-documented over the
past two decades, the life-cycle impact of biofuel production
on water resource use and water quality remains less clear
because of the complexity of the biofuel production system
worldwide [1–6]. Studies have shown that water use for the
production of biofuel depends on the feedstock and production technology and is highly influenced by regional climate
and environmental conditions. Therefore, technology advancement, regional variability, and the nature of feedstocks
can all affect the assessment of life-cycle water consumption.
This is especially true for new feedstocks and conversion
pathways that are in an early stage of research and development, such as algae, jatropha, and perennial grasses.
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In the past 2 years, researchers have conducted a number of
studies that focused on the water footprint of new feedstocks
[1, 7, 8••, 9•, 10–18], which is an increasingly important issue.
Among them, about 40 % of the studies concentrated on
cellulosic feedstocks and 30 % focused on algae and oil seed
crops. The remaining one-third of the studies addressed grain
and sugar crops. The major cellulosic feedstocks of interest
appear to be switchgrass and miscanthus. Hydrologic models
and tools have been employed to provide spatial and temporal
information to be used in estimates of life-cycle water use. The
application of watershed modeling to estimate the impacts of
changes in future land use on water quality due to projected
feedstock production and under climate change has increased
significantly [19–24, 25•, 26], and the focus of modeling has
been on (1) the Midwest because it has vast amounts of corn
stover available, and (2) the southeast coastal plain and northeast
region because they have the large potential to produce fastgrowing energy crops.
The purpose for the review was to assess the progress made
to quantify life-cycle water consumption in the production of
biofuels, especially advanced biofuels. We focus on two major
areas—water footprint assessment and watershed modeling—
and cover the literature on biofuels that has been published in
the past 2 years. Results from recent assessments of life-cycle
water consumption are summarized and compared. Trends,
uncertainties, and future needs are presented.

Models and Analysis Tools
With its extensive agricultural dataset for land management and
cropping practices, the Soil and Water Assessment Tool (SWAT)
model remains a widely adopted tool for simulating the influences of land use change on water quality under current and
future biofuel scenarios [19, 21, 22, 25•, 27]. Researchers are
extending watershed analysis to address other aspects of biofuel
production (such as climate change, landscape management and
agricultural practices, and production economics) by incorporating other models and tools, which allows analysis of interactions
among various components within the production system and the
environment, and enables the option of factoring in spatial and
temporal parameters. Climate change projections were applied
by using SWAT [27, 28•]. SWAT output was used in an adaptive,
neural-fuzzy inference system (ANFIS) to simulate streamhealth sensitivity to land use change (LUC) [26]. SWATDaycent was used to optimize production options by using a
multi-objective approach [25•]. Groundwater vulnerability under
LUC in North Dakota was examined by using integrated models
[29]. Other approaches rely on ecosystem and economic models,
such as the ecosystem model TEM and the Integrated Biosphere
Simulator model (Agro-IBIS) [13, 14], the GIS model [11],
GTAP-BIO [30], and the use of an agro-economic model and
climate model in sequence [31].
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From a life-cycle perspective, water footprint accounting has
been demonstrated to be valuable in providing a spatially explicit
water resource use assessment for biofuel production pathways [1,
7, 8••, 9•, 10, 12, 15, 18]. A water footprint framework employs
SWAT to enhance grey water assessment [8••]. CROPWAT and
Global Agro-Ecological Zones (GAEZ) have been used in green
and blue water estimates for crops [12, 18], while the Hargrievz
method was preferred for US conditions [7]. The variability of the
water footprint under various climate conditions has been analyzed [24]. BASINS and EPIC have been incorporated into lifecycle analysis through a framework WORLD [32••]. A multiobjective, mixed-integer, linear programming model has been
applied to evaluate the economics and the carbon and water
footprint of bioethanol supply chains [33]. USEtox [34] and the
ecological damage index [35] were proposed to quantify the lifecycle impact of increased biofuel production on freshwater ecology. Water stress index remains the dominant parameter used to
measure water resource availability [1].

Life-cycle Water Consumption
a. Green, blue, and grey water footprint
Significant progress has been made in developing a water
footprint for a range of feedstocks and conversion pathways,
including conventional fuel (corn ethanol, soybean biodiesel,
rape seed biodiesel, sugar cane ethanol, molasses ethanol),
cellulosic fuel (switchgrass and miscanthus ethanol, corn stover ethanol, wheat straw ethanol, sweet sorghum ethanol,
forest wood-based mixed alcohol), and advanced fuel (algae
biodiesel, jatropha biodiesel and jet fuel, soybean jet fuel,
rapeseed jet fuel) during 2012–2013 (Fig. 1). In the past few
years, the trend has been to move toward geospatial analysis in
water footprint accounting for biofuels. To address regionspecific water issues, researchers have focused on developing
a fine-resolution water footprint for biofuel pathways at the
multi-state (regional), state, and county scales. As a result, we
have seen an increasing number of publications addressing the
water footprint of cellulosic and advanced feedstocks in various regions in the United States and around the world. The
type of water use studied has also been expanded from process
and irrigation water withdrawal to consumptive blue water use
(irrigation water consumed through evapotranspiration) and
green water (rain fall consumed through crop evapotranspiration (ET)) in the feedstock growing stage. The expansion of
research reflects an elevation of water analysis from an individual constituent-based approach to a holistic approach in
which major inputs of the hydrologic cycle are incorporated.
In addition, life-cycle analysis methodology on biorefinery
co-product credit is adopted to account for water credit. Results from these studies provide valuable regional information
and therefore can support water resource planning for
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Fig. 1 Water footprint of various
feedstocks and production
pathways for biofuels from this
review and previous major
studies, in liters of water
consumption per liter of biofuel
produced: (a) blue water
footprint, (b) green water
footprint [1, 7, 8••, 9•, 10–18, 24,
36–38, 39•, 41•]. Note that as
little as 10 liters of green water or
less could be required to produce
a liter of biofuel in areas with
limited rainfall for certain
feedstocks

sustainable biofuel feedstock production and refinery site
selection, which enables policy makers and industry to make
informed decisions. A summary of the blue and green water
footprint analysis is presented in Fig. 1.
The water footprint highlights the extensive geographic
differences [1, 6, 7, 8••, 9•, 10–18, 24, 36–38, 39•, 40, 41•],
which are reflected in particular by the green water footprint.
Producing a unit of biofuel from the same feedstock in different
regions with variable climate conditions could result in significant differences in the makeup of the water footprint. Figure 1
indicates that green water of as little as 10 liters or lower could
be required to produce a liter of biofuel in areas with limited
rainfall for certain feedstocks. The remaining water requirements would likely be met through irrigation. As shown by
GAEZ simulation, irrigated jatropha grown in the United States
would require significantly more blue water than would

jatropha grown in Mozambique [12, 18] (Fig. 1), where the
climate and humidity are favorable for jatropha, which is
drought tolerant [42]. In contrast, the blue water needs of algae
grown in the United States and Thailand are similar. Irrigation
continues to be the major contributor to the blue water footprint.
For example, even though corn needs considerable irrigation
when grown in certain regions of the United States, more than
90 % of corn is produced in midwestern states, where irrigation
is minimal [41•]. According to a majority of the studies conducted in the past 10 years, the national water footprint of corn
is consistently low to modest (Fig. 1). Despite an increase in ET
requirement per acre of land for switchgrass, miscanthus, and
forest wood [13], because of limited irrigation requirements,
biofuels generated from these feedstocks have the lowest blue
water footprint per volume of fuel produced compared with
biofuels produced from other feedstocks [9•].
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Historically, analyses of the biofuel grey water footprint
have been limited. Published work has typically been limited
to national-scale assessment, which does not consider regional
variability in contaminant leaching rates and loadings. Recent
studies have been performed to estimate the county-level
nitrogen grey water footprint for biofuels produced from corn
stover, wheat straw, algae, and forest wood resources for the
entire United States, and these studies filled a critical gap in
biofuel water analysis [7, 8••, 9•]. Biofuel produced from
forest wood resources in the southeastern United States via
thermochemical conversion was demonstrated to be one of the
most water efficient pathways, not only because of its lower
blue water consumption, but also because of its exceptionally
low grey water consumption—about 25 L of grey water per
liter of fuel produced, on average. The grey water footprint is
sensitive to fertilizer input rate and regional hydrology [7, 9•].
b Alternative water resource
Researchers have been actively searching for alternative water
resources, primarily because of concerns about the high water
demand for algae-based biofuel production [15]. As an
infrastructure-compatible drop-in fuel, the production of algae
should not compete with food production and should be costeffective, thus inexpensive sources of nutrients and water must
be used. Investigations are aimed at determining the feasibility
of using municipal wastewater (MWW) treatment plant effluent, saline water, seawater, and dairy wastewater as water
resources or as water and nutrient sources [10, 11, 16,
43–45]. Dairy wastewater and MWW are able to provide
sufficient nutrients (nitrogen and phosphorus) for algae
growth [43, 44]. Coupling biofuels production with municipal
wastewater treatment makes sense because it represents nutrient and water reuse and potentially offers considerable energy
savings for a wastewater treatment facility. However, there is a
substantial spatial and temporal mismatch between the water
requirements of algae growth and the availability of MWW
treatment plant effluent in the southern 17 states in the USA
[10], which would be a critical factor affecting the degree of
freshwater substitution for cultivating algae [10]. By using
spatially and temporally available MWW as a sole source of
water, 8.6 billion liters of bio-oil can be produced annually
with a freshwater blue water footprint that is almost nil [10]. A
GIS-based algae cost model has been employed to select
alternative water resources, such as saline water and seawater,
on the basis of the cost of water delivery in southern states
[26]. The Gulf of Mexico and the Florida peninsula appear to
be the most favorable regions for growing algae because
evaporation rates in these regions are relatively low, which
reduces water demand for plant operation and thereby lowers
the cost of water delivery [26]. Techno-economic analysis
further indicated that when brackish and saline water are
adopted as backup water for open pond operation, the
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consumption of freshwater for the production of algae fuel
can be comparable to that of petroleum-derived fuels [16].

Impact of corn stover harvest on water quality
and quantity
Over the past 2 years, researchers have invested considerable
effort to understand the impacts of agricultural residue removal on water balance, erosion, and nutrient transport. Sustainable corn stover harvest rate varies with soil and landscape
[46, 47]. The corn stover harvest rate has been simulated
under a broad range in the Upper Mississippi River Basin
(UMRB) by a number of researchers, from 0 to 25 [14, 20],
38, 40, 52, 70, 80, and up to 100 % [19, 21, 25•]. The results of
SWAT modeling consistently show a decrease in watershed
nitrate loading of 2–10 %, a decrease in total phosphorus, and
an increase in suspended sediment loss to the watershed under
the stover removal scenario, the magnitude of which varies
widely with watershed and harvest rate [19–21, 25•] (Table 1).
Cropping system and tillage practices affect the nutrient
loadings. Increasing the corn in corn-soybean (CS) rotation or
replacing CS rotation with continuous corn would significantly increase nitrate loading to waterways, even in the absence
of stover harvest, and decrease soil nitrogen content [25•, 48].
However, under a no-till strategy, the loss of suspended sediments could be minimized to below the baseline, even with
CS rotation. The findings revealed that watershed nutrient and
sediment responses are most sensitive to slope, soil type, and
fertilizer input rate, and are moderately sensitive to cropping
system and other management and practices [19, 20, 22, 25•].
Results also suggest that the rate of supplemental nutrient
replacement reported in the literature may be higher than what
is required to maintain yield [25•].
When stover is harvested in the UMRB—the major corn
production region—US studies agree that streamflow would
decrease by 1–3 %, along with decreased surface runoff and
increased ET [19–22]. Vanloocke and co-workers [14] found
that when 25 % of stover is harvested there is a slight, but
statistically significant increase (10–20 %) in biomass yieldbased water use efficiency (WUE) for corn. Nevertheless,
WUE for corn is consistently lower than that for the perennial
grasses miscanthus and switchgrass [14]. The impacts of
stover harvest on water quality and water quantity are summarized in Table 1.

Future Land Use Change and Landscape Management
The concept of landscape management in the context of
biofuel production is of interest because of its emphasis on
soil conservation and protection of water quality. As representative perennial cellulosic feedstock, switchgrass and hybrid
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Table 1 Watershed responses of various cellulosic feedstock production and climate change scenarios
Watershed responses

Reference

Nitrogen loss Phosphorus loss Sediment loss Soil water Stream flow Surface runoff ET WUE
1. Agricultural residue harvest
↓

↓

↑

Stover removal with winter
↓
cover crop
Stover removal with no-till
↓
2. Land conversion to perennials

↓

↓

↓

↓

Stover removal >24 %

↓

↓

↓

↑

↑
↑

14, 19, 20,
32
14, 21,

From native grass
From pasture

↑
↓

↓

↓
↓

↓
↓

From row crop

↓

↓

↓

↓ ↑a

↓↑

↓↑

↓

↓

↓

↓

14, 21
20

↑
↑

31, 32

3. Mixed feedstock landscape
converted from cropland
Agricultural crop dominant with ↓
a fraction of perennial grass
Perennial grass dominant with
↓
SRWC
4. Climate changes
↑
Increased CO2
Increased ozone
Increased temperature and
decreased precipitation

↓b

a

Decreased in summer and increased in spring

b

Nitrogen concentration in the stream increases

↓

↓

↑

20, 22

↑↓

↑↓

23, 32

↑

↑

↓

↓

↓

↑

27, 28
52
27

↑

SRWC=short rotation woody crop

poplar trees have long been demonstrated as effective conservation options for soil loss control and nutrient mitigation.
Inherently, switchgrass and miscanthus exhibit higher WUE
than corn [14, 32••], and their ETs would decrease in response
to drought [49]. Various LUC scenarios have been simulated
to evaluate the implications of land conversion to single
perennial feedstock or a mixed feedstock landscape on water
quality and water quantity (Table 1).
Change in water loss is land-cover dependent. Historical
data revealed that the conversion of native grassland to the
current corn cropping system had a positive effect on the
hydrologic cycle—base flow increased in 58 % of corn growing watersheds and streamflow increased significantly in 35 %
of the watersheds [50]. When an annual crop is converted to
grow switchgrass in the midwestern US regions, assessments
projected that ET is likely to increase by 1–2 %, soil moisture
is likely to decrease by 2 %, surface flow runoff decreases, and
flow-to-stream discharge decreases by 2–5 % under varying
levels of land conversion [20, 21]. These LUC-related water
losses could be minimized by implementing double cropping
[32••]. Conversely, water withdrawal for the irrigation of
feedstock that is associated with LUC may decrease.
Taheripour et al. [30] projected a trend toward stronger rainfed land expansion in more carbon-rich environments, and so
there would be less irrigation in the future.

Meanwhile, research also showed that changes in hydrology are region-dependent. When replacing a crop with a short
rotation woody crop (SRWC) or perennial grasses in a southeastern (US) watershed, Bosch et al. [23] estimated a decrease
in ET by 6–19 % and an increase in streamflow by 12–36 %,
an increase in shallow groundwater flow, and a change in
seasonal stream flow patterns—increased flow in winter and
less flow throughout the summer.
From a water quality perspective, there are substantial benefits in LUC from annual crops to perennials in low productivity
land. Growing perennial grasses reduces nutrient and sediment
loss compared with a corn-soybean cropping system [20, 21,
32••]; when an annual row crop is converted to SRWC or highyield perennial crops, watershed suspended sediments could
decrease by up to 95 % in the southeast coastal plain [23].
Similar results and a 2–4-fold reduction in nitrate loading were
obtained by implementing a double-cropping system and riparian buffer in a CS-dominant area in Michigan [32••].
Converting pastureland to switchgrass could result in a
slight decrease in nitrate [20]; converting native grassland to
perennials could result in an increase in nitrate [21]. Under a
future scenario [51] with increased crop yield and a small
fraction of switchgrass, responses in water quality appear
mixed—positive for nitrate loading, but negative for total
phosphorus and suspended sediments [22]. Suitable areas to
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grow perennial grass can be identified by using nitrogen
loading and economics as guidelines [48].

Climate Change Impact
An increase in CO2 concentration in the air could significantly
change the hydrology in a region, which further affects crop
growth and the water footprint of biofuels. During the period
of 1986–2008, an increase of about 1–4 % in streamflow
could be attributed to the elevated CO2 in the UMRB [28•].
Doubling air CO2 concentration could lead to a 3 % decline in
ET, a 26 % increase in soil moisture, a 67 % increase in ground
water recharge, and a 40 % increase in nitrogen loading in the
James River Basin in South Dakota [27].
When a climate change scenario is applied, the UMRB will
experience a rise in water yield and stream flow in the spring
and a decline in the summer with higher variability, which may
increase the risk of both flooding and drought [28•]. In addition, rising atmospheric ozone concentration is believed to alter
the canopy energy fluxes and have a negative effect on crop
productivity [52]. While climate change would directly impact
water quality and water use, the reverse is also true [31].
Growing switchgrass in 15–30 % of cropland in Kansas and
Oklahoma would result in lower temperatures and slightly
higher relative humidity in the spring and slightly lower relative
humidity and the depletion of soil moisture in summer [31].

Limitations and Uncertainties
An important factor in LCA methodology is co-product allocation in a biorefinery, which can significantly affect the
outcomes of the analysis. In the studies reviewed, we noticed
that different co-product allocation methods have been applied—for example, mass-based, system expansion, or market
value methods. Estimating the blue water footprint on the
basis of market value tends to yield a higher blue water
footprint for a relatively dry region, where irrigation is required. Other studies did not have co-product treatment. These
differences could mask some of the results and make detailed
comparison difficult [8••]. In addition, grey water assessments
in particular for biorefineries are scarce. The few studies that
did address grey water are limited to nitrogen and phosphorus.
Grey water assessment of new feedstock relies on experimental testing or pilot/large-scale data, for which the data are
mostly not available at this time. Competing water use in a
region could also alter the availability of water resources [53].
Climate change and extreme weather have been an increasingly major concern, especially as these parameters relate to
the hydrologic cycle. How and to what extent current results
of life-cycle water consumption can change under the climate
change scenario remains less understood.
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There are limitations associated with crop modeling using
SWAT. Alamo is currently the only species of switchgrass
contained in the SWAT database. Other species and energy
crops need to be added to the database. The values of radiation
use efficiency (RUE), maximum leaf area index (LAI), and
light extinction coefficient (k) are fixed throughout the simulation period. In reality, these parameters can vary considerably, depending on climatic conditions. In addition, SWAT
assumes that annuals and perennials reach their full maturity
within a single year. While the assumption holds true for
annuals, perennials such as switchgrass may take 2–3 years
to reach full growth potential. During the establishment phase,
nutrient uptake by the plant will be much less than in the
mature phase. Further, the stover removal scenario was represented in previous SWAT modeling as a biomass harvest after
a grain-only harvest operation. Whether the mechanism and
temporal distribution of nutrient release during the off-season
is captured in the model is less clear.

Conclusion
Significant progress has been made in assessing life-cycle
water consumption for conventional, cellulosic, and advanced biofuels. Cellulosic feedstock continues to dominate the analysis of life-cycle water consumption and shows
a promising blue and grey water footprint. Alternative
water resources have been evaluated for algae production.
Transportation of the alternative water remains a challenge
in terms of infrastructure and production economics. The
most noticeable improvement in the analysis of life-cycle
water consumption is the adoption of geospatial analysis to
generate a spatially explicit water footprint at a finer scale
(i.e., multi-state region, state, county scales)—such studies
provide needed information and details to advance our
understanding of the interactions among feedstock type,
land use change, geographic location, climate, and the total
production potential. Watershed modeling coupled with
multiple tools/models is able to examine the impact of
future production scenarios and climate change on water
quality from economic, policy, and environment conservation perspectives at the watershed or river-basin scales. This
rigorous modeling simulates the necessary nutrient loadings that enhance estimates of the grey water footprint. This
trend is likely to continue. Future analysis of life-cycle
water consumption would address water consumption issues at spatial resolution for both feedstock and
biorefineries, with an emphasis on alternative water resources, grey water footprint, consistent co-product allocation methodology, new feedstock/technology water footprint development, and potentially a dynamic life-cycle
water footprint incorporating changes in land use and
climate.
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